Background although the concept of healthy ageing has stimulated considerable interest, no generally accepted definition has been developed nor has its biological basis been determined. Objective to develop a definition of healthy ageing and investigate its association with longevity and neuropathology. Methods analyses were based on cognitive, physical, and post-mortem assessments from 1991 to 1998 in the Nun Study, a longitudinal study of ageing in participants 75+ years at baseline. We defined three mutually exclusive levels of healthy ageing (excellent, very good, and good) based on measures of global cognitive function, short-term memory, basic and instrumental activities of daily living, and self-rated function. Mortality analyses were based on 636 participants; neuropathologic analyses were restricted to 221 who had died and were autopsied. Results only 11% of those meeting criteria for the excellent level of healthy ageing at baseline subsequently died, compared with 24% for the very good, 39% for the good, and 60% for the remaining participants. Survival curves showed significantly greater longevity with higher levels of healthy ageing. The risk of not attaining healthy ageing, adjusted for age, increased two-fold in participants with brain infarcts alone, six-fold in those with Alzheimer neuropathology alone, and more than thirteen-fold in those with both brain infarcts and Alzheimer neuropathology. Conclusions the biological validity of our definition of healthy ageing is supported by its strong association with mortality and longevity. Avoiding Alzheimer and stroke neuropathology is critical to the maintenance of healthy ageing, and the presence of both pathologies dramatically decreases the likelihood of healthy ageing.
Introduction
The concept of successful or healthy ageing has stimulated considerable interest [1] [2] [3] [4] [5] and has helped challenge views of ageing as an inevitable process of disease and decline. Although no generally accepted definition of healthy ageing has been developed, a variety of objective and subjective measures of cognitive, physical, and psychological health have been identified as important components [6] . In contrast to this extensive literature, little research has been conducted on the neuropathologic substrate of healthy ageing.
Prior findings from the Nun Study, a longitudinal study of ageing and Alzheimer's disease, indicate that the combination of brain infarcts (a pathologic outcome of strokes) and Alzheimer pathology is strongly associated with dementia [7] . Alzheimer's disease and strokes are common causes of impairment in both physical and cognitive performance, abilities central to healthy ageing. We thus developed a definition of healthy ageing and investigated its association with Alzheimer pathology and brain infarcts in the Nun Study. Because any valid definition of healthy ageing should reflect overall health status, we also studied the association of healthy ageing with longevity and all-cause mortality.
Participants in the Nun Study are Catholic sisters of the School Sisters of Notre Dame religious congregation and have had relatively comparable lifestyles and environments throughout their adult lives [8] . Although their unique characteristics may limit generalisability of findings, these same factors also increase the comparability of participants and minimise confounding. All participants have agreed to brain donation after death and the Nun Study thus presents a unique opportunity to explore neuropathologic correlates of healthy ageing.
Methods

Study population
The design of this longitudinal study has been described in detail [7] [8] [9] . From 1991 to 1993, all members of the School Sisters of Notre Dame in the United States who were 75 years or older were invited to join the Nun Study. From 1,031 eligible sisters, 678 (66%) agreed to participate in all aspects of the study, including review of archival and medical records, annual cognitive and physical assessments, and brain donation after death. Participants did not differ significantly from non-participants in mean age, mortality rate, race, or country of birth. At the first annual exam, the 678 participants were 75-102 years old (mean = 83). Their educational level ranged from grade school to doctoral degree; 85% had attained at least a bachelor's degree and 89% were teachers. Data from the first four annual exams were analysed in this paper.
Sample selection
Of the 678 participants, 636 (94%) had never withdrawn from the study or missed an exam during the first four annual exams. They ranged in age from 76 to 103 years of age (mean = 87) at the latest exam used in these analyses-the fourth exam for surviving participants or the last exam at which the participant was alive.
There were 274 deaths among these 636 participants between the date the first participant was assessed (31 October 1991) and the date the last participant completed the fourth exam (15 May 1998) . Neuropathologic evaluations were conducted on 253 (92%) of the 274 deceased participants. Because the study focused on the neuropathology of Alzheimer's disease and stroke, 32 participants with other pathologic conditions that could potentially impair cognition were excluded, producing a final autopsy sample of 221.
Measures
Performance-based measures of cognitive and physical function and participants' self-rated function were used to define mutually exclusive levels of healthy ageing: excellent, very good, and good versus other (not healthy ageing). As all of these measures are critical to our concept of healthy ageing, minimum levels of performance were required in each of the domains. The excellent level of healthy ageing was the most stringently defined. Criteria were relaxed incrementally for very good and good levels (see Table 1 ).
Cognitive function
Cognitive function was assessed by a standard battery [10] . Two tests were selected because they target global cognition (Mini-Mental State Exam [11] ) and short-term memory (Delayed Word Recall [12] ), two aspects of cognition important to healthy ageing.
The Mini-Mental State Exam standard cut-point of 24 was the minimum score for intact global cognition and the criterion for the good level of healthy ageing. Minimum scores were increased to 26 and 28 for the very good and excellent levels of healthy ageing respectively, based on research suggesting that scores greater than 24 may be expected in healthy older adults, particularly when their education is above the high school level [13] [14] [15] [16] .
The Delayed Word Recall test requires the recall of ten words. The recall of less than four met our criteria for dementia [8] . A score below five (1.5 standard deviations below the age-appropriate mean [17] ) was consistent with mild cognitive impairment. To ensure that all participants classified as healthy ageing were cognitively intact according to this test, we used a minimum score of five for the good level. Minimum scores for very good and excellent levels were increased in one-point increments to reflect the more stringent criteria for these levels of healthy ageing while setting an achievable standard of performance.
Activities of daily living
Some standard activities of daily living (e.g. meal preparation, housework) were not applicable because of the communal lifestyle of participants. We assessed five basic (feeding, dressing, standing, walking, and toileting) and five instrumental activities of daily living (reading, using the telephone, telling time, taking medication, and handling money). Performance-based measures [18, 19] were used for all activities except toileting, where independence was determined from the nursing reports for participants receiving nursing care and self-reports for the remaining participants. 
Self-rated function
Based on standard wording [20, 21] , participants were asked, 'Compared to sisters your age, would you say your ability to take care of yourself is excellent, very good, good, fair, or poor?' Among the 636 participants, 79 were unable to report their level of function at their last exam and were coded as having 'poor' function. Consistent with our belief that severe disability was responsible for their lack of response, 84% had a score of 0 on the Mini-Mental State Exam and 96% had no intact basic activities of daily living. In the Nun Study, self-rated function is more strongly related to basic activities of daily living, functional decline, and mortality than is self-rated health [22] .
Neuropathology
A single blinded neuropathologist (WRM) performed all gross and microscopic examinations [9] . Brain infarcts visible to the naked eye were identified by the examination of the intact brain and the coronal sections (1.5 cm thick) of the cerebral hemispheres, the brain stem, and the cerebellum. The brain infarcts included both lacunar (<1.5 cm) and larger infarcts. The neuropathologic evaluation included quantification of the major Alzheimer's disease lesions-neurofibrillary tangles, neuritic plaques, diffuse plaques, and total senile plaques (the combination of neuritic and diffuse plaques). Lesions were counted from the five most involved areas of each slide in the middle frontal gyrus (Brodmann area 9), the inferior parietal lobule (areas 39/40), the middle temporal gyrus (area 21), and the CA1 and the subiculum of the hippocampus using the modified Bielschowsky stain. Neuropathologic criteria for Alzheimer's disease were abundant senile plaques in the frontal, temporal, or parietal lobe, neuritic plaques in at least one lobe, and neurofibrillary tangles in at least one lobe [9] .
Statistical methods
The means and the standard deviations were calculated by standard methods and exact confidence intervals determined for proportions. Cross-tabulations were used to assess mortality or neuropathology within levels of healthy ageing. Exact tests for trend were calculated using the CochranArmitage test. The association between healthy ageing and mortality was assessed with Cox regression models, adjusting for time-dependent variables [23] . This technique allows consideration of changes in age, cognitive function, physical function and self-reported function measures over time by using discrete time-dependent values for the covariates at the beginning of each risk (assessment) interval. Relative risks were derived from these analyses based on the ratio of the hazard functions. Cox regression models were also used to estimate the survival distribution function by age and level of healthy ageing. Values were truncated at 100 because of sparse data at ages beyond 100 years. Differences in survival curves by healthy ageing level were tested using the Kaplan-Meier method and log-rank tests [23] . Logistic regression models were used to determine the relationship of neuropathology to the likelihood of healthy ageing after adjustment for age at the last exam. Analyses were conducted with SAS software, version 8.01 (SAS Institute Inc., Cary, North Carolina).
Results
The mean age in each category of healthy ageing decreased as the criteria became more stringent (see Appendix 1 in the supplementary data on the journal website http://www.ageing.oxfordjournals.org/). Very old individuals (90+ years), however, were found at every level of healthy ageing; the oldest participant who met criteria for the excellent category of healthy ageing was 100 years of age. The proportion of participants who had died by the end of the fourth exam was strongly related to their healthy ageing status. Of those who met criteria for the excellent category of healthy ageing at their last exam, only 16% subsequently died compared with 23% for the very good category, 27% for the good category, and 56% for the remaining participants. The trend of increasing mortality in those with lower levels of healthy ageing was even more evident for healthy ageing at the first exam and was significant for healthy ageing at both the first and last exams (P<0.0001). The risk of all-cause mortality, adjusted by age, increased slightly from excellent to very good to good categories of healthy ageing but the risk at the latter two categories did not differ significantly from that at the excellent level. For participants who did not meet our criteria for healthy ageing, however, the risk of mortality was significantly increased to four times the risk of those at the excellent level of healthy ageing (relative risk = 4.01; 95% confidence interval [CI] = 1.95-8.24) (see Appendix 2 in the supplementary data on the journal website http://www.ageing.oxfordjournals.org/). Survival curves demonstrate the parallel increase in longevity with higher levels of healthy ageing (Figure 1) . Overall, survival curves were significantly associated with healthy ageing level; individual comparisons showed significant differences for all comparisons with the exception of excellent versus very good, which was marginally significant (0.05< = P<0.10). Predicted median survival was 84.8 years for those who did not meet criteria for any level of healthy ageing, and rose to 88.0, 90.9, and 94.2 years for good, very good, and excellent levels of healthy ageing, respectively.
Among the deceased participants, the level of healthy ageing was related to the prevalence of brain infarcts and significant Alzheimer pathology ( Table 2 ). Most participants (86%) who met criteria for the excellent category of healthy ageing at the last exam before death had neither brain infarcts nor met neuropathologic criteria for Alzheimer's disease (see Appendix 3 in the supplementary data on the journal website http://www.ageing.oxfordjournals.org).
The risk of not meeting criteria for any level of healthy ageing, adjusted for age, increased two-fold in participants with brain infarcts alone (odds ratio [OR] = 2.04; 95% CI = 0.77-5.64), six-fold in those with Alzheimer pathology alone (OR = 6.01; 95% CI = 2.51-15.38), and more than thirteen-fold in those with both brain infarcts and Alzheimer pathology (OR = 13.43; 95% CI = 4.07-61.61).
To address the possibility of confounding of cognitive test scores and hence healthy ageing level by education and occupation, all analyses were repeated, with similar results, in a sub-sample who had earned at least a bachelor's degree and whose occupation was teaching.
Discussion
Healthy ageing encompasses health in its broadest sense, with the quality of life maintained or enhanced into older age. Within this larger context of healthy ageing, this study focuses on two major types of neuropathology-Alzheimer's disease and brain infarcts-and their effect on healthy ageing. These pathologies became increasingly common with decreasing levels of healthy ageing (from excellent to very good to good categories) and were substantially more frequent in participants who did not meet criteria for healthy ageing. Brain infarcts significantly reduced the likelihood of healthy ageing; Alzheimer pathology had an even greater impact, while the largest effect was found in those with both types of pathology. The very low prevalence of healthy ageing among those who met neuropathologic criteria for Alzheimer's disease or who had one or more brain infarcts shows that, for most people, attaining healthy ageing requires avoiding the two most common neuropathologic conditions of old age.
Although we have developed new criteria for healthy ageing, the domains included in our definition are consistent with other studies [6] . The biological validity of this definition is supported by its strong association with longevity and allcause mortality. Rather than simply a dichotomous variable (healthy versus not healthy ageing), we conceptualised those meeting criteria for healthy ageing as encompassing a range of levels. Individuals meeting criteria for any of the levels of healthy ageing had a significantly lower risk of mortality than those who did not. In addition, a trend of increasing mortality across all the four categories was evident as the level of healthy ageing decreased from healthy (excellent to very good to good) to not healthy ageing. Survival curves also differed by level of healthy ageing.
Age affects both cognitive and physical performance, presumably largely through its relationship with neuropathology, and thus older participants were less likely to be classified as attaining healthy ageing. Healthy ageing, however, was not entirely driven by age. Figure 1 shows that healthy ageing affects survival apart from the impact of age. In addition, very old individuals were found at all levels of healthy ageing. We think that this is an important consideration when developing any definition of healthy ageing-that healthy ageing be attainable by even very old individuals while still representing a high standard of function. The oldest participant meeting criteria for the excellent category of healthy ageing at the last exam was 100 years of age. Although not typical, she demonstrates what is possible. As would be expected from our results, at autopsy her brain was found to have neither significant Alzheimer pathology nor brain infarcts.
Further investigation of the neuropathologic basis of healthy ageing may help to develop the concept of healthy ageing because a valid definition of healthy ageing should be associated with pathophysiologic manifestations. An overwhelming impact of Alzheimer pathology may be Given that healthy ageing is defined at the high end of the cognitive and physical function continuum, it is biologically plausible that the presence of only one type of brain pathology may be sufficient to reduce dramatically the likelihood of healthy ageing. In addition, as shown in this study, the interaction of pathologies may be important. Research on other types of neuropathology and how they interact to influence healthy ageing is needed. Investigating the neuropathologic substrates of healthy ageing will provide clues to understanding the determinants of healthy ageing and maximising the likelihood of healthy ageing for all.
Key points
• Despite increasing interest in the concept of healthy ageing, no generally accepted definition for healthy ageing has been developed nor has its biological basis been determined.
• Three mutually exclusive levels of healthy ageing (excellent, very good, and good) were defined based on measures of global cognitive function, short-term memory, basic and instrumental activities of daily living, and self-rated function.
• The biological validity of our definition of healthy ageing is supported by its strong association with mortality and longevity.
• Avoiding Alzheimer and stroke neuropathology is critical to the maintenance of healthy ageing, and the presence of both pathologies dramatically decreases the likelihood of healthy ageing.
• Attaining healthy ageing requires avoiding the two most common neuropathologic conditions of old age: Alzheimer pathology and brain infarcts.
